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Abstract

This investigation has shown for the first time, the possibility of obtaining high quality 2D graphene thin films for op-
toelectronic gadgets from the abundant graphite in Nigeria. In the study, synthesis and characterization of graphene
from natural graphite and the determination of the electrical conductivity of the thin films were conducted. The sam-
ples were characterized by X-ray diffraction (XRD), X-ray fluorescence (XRF), field emission scanning electron mi-
croscopy and energy dispersive X-ray (FESEM and EDX) to show their structural and compositional features. XRF
study showed the mineral compositions as MgO (4.35%), SiO2 (25.14%,), SrO (9.73%,), CdO (1.99%) and C (15%,).
XRD pattern indicated perfectly crystallized graphene flakes. Surface morphology by SEM analysis revealed closely
packed, layered and spongy structures. EDX studies indicated the elemental composition as Carbon (86.34%), Mo-
lybdenum (10.37%), Potassium (2.38%,) and Titanium (0.91%,). The reduced graphene oxide (RGO)-TiO2 composite
thin films displayed glistering surfaces due to the less density of electronic trap states and improved absorption in
UV-visible region making them suitable for optoelectronic devices. The resistivity of 1.9592, 12.9366, 2.5419 and
25.1256 s/m were recorded for GO, RGO, GO-TiO2 and RGO-TiO?2 thin films. The study has revealed that graphite
and its products (GO/RGO) are of high quality. They can be produced for academic research and industrial integra-
tion at a lower cost compared to the imported types without detailed characterization systems into African market.
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Introduction their high charge mobility, conductivity, transparency, flexibility

Graphite is a carbon-based material and are available in abun-
dant especially in Kaduna, Adamawa, Niger, Taraba, Kogi and
Bauchi state of Nigeria. The graphite ore is mixed with clay and
other metallic impurities. It can be purified by froth floatation in
order to concentrate the mineral value in the ore using hydrocar-
bons [3, 3]. Graphene is a two-dimensional allotrope of carbon
in a hexagonal pattern. It is very strong and has a high tensile
strength. Graphene oxide (GO) can be synthesized by oxidizing
graphite using the Hummer’s method. It has carboxylic, epox-
ide, alcohol, and carbonyls groups at the base and surfaces. The
thermal reduction system can be employed to produce the re-
duced GO. Graphene has attracted huge research interest due to
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and mechanical strength [4]. Geim et al. won the 2010 Nobel
Prize for their work on graphene. It has wide areas of applica-
tions especially in Agriculture, photo-catalysis, nanotechnology,
medical and pharmaceutical research, energy storage and con-
version systems among others [6, 7].

In 1859, the first production of oxidized graphite was reported by
Brodie using potassium chlorate in fuming HNO3 [8]. Stauden-
maier used fuming HNO3 and introduced concentrated H2SO4
followed by the gradual addition of the chlorate as the oxidiz-
ing agent [9]. In 1958, Hummers’ method was introduced and
is widely used today by treating the graphite with NaNO3 and
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KMnO4 in concentrated H2SO4 improved Hummers’ technique
by introducing phosphoric acid to produce GO [10, 11]. Single
graphene nanosheets were first reported in 2004 by mechanical
exfoliation (scotch tape) using epitaxial chemical vapor depo-
sition (CVD) of the layered graphite [12]. Graphene-titanium
dioxide (TiO2) composite improves the conductivity, mobility
and absorptivity in the UV visible region due to high density of
electronic trap states, low carrier mobility and electronic con-
ductivity [13, 14].

Optoelectronics is employed in the design and production of
gadget such as solar cells, photodetectors, light semiconducting
emitting diodes (LEDs), photodiode, emitters and sensors for
communications, automation system, LASERs and phototran-
sistors. Their sensitivities to UV visible light are essential for
efficient uses [15]. The application of GO-TiO2 as carrier trans-
porter enhances the efficiency of the device due to reduction in
density of electronic trap states, increase in carrier mobility, and
conductivity. Graphite has not been explored due to the focus on
petroleum as a source of revenue generation.

There is need for the synthesis and characterization of high-qual-
ity graphene from NG that are available in abundant in almost
all the states of the federation. In this study, synthesis and char-
acterization of graphene and graphene-TiO2 thin films were
conducted using NG. The characterization of the samples was
conducted using X-ray fluorescence and diffraction (XRF/XRD)
analysis, field emission scanning electron microscopy (FESEM)
and energy dispersive x-ray (EDX). The available graphite if
processed in large quantities can be exported to Korea, Europe,
China, USA, and south East Asia for industrial production. It
can also be a substitute to the highly expensive type imported in
which detailed characterizations were not included for enhanced
academic and research activities.

Experimental Procedure

Materials

The materials used for the study includes natural graphite (NG)
powder (Adamawa), TiO2 (Solaronix, Switzerland), potassium
permanganate (KMnO4), Sodium nitrate (NaNO3), Tetraoxo-

sulphate (V1) acid H2SO4 (98%), purified water, Hydrogen per-
oxide (H202, 30%) and Hydrochloric acid (HCI). All the analyt-
ical grades were used without further purification. The graphite
ore was obtained from Mubi in Adamawa state was beneficiated
at Kaduna Polytechnic, Kaduna, Kaduna state, Nigeria to con-
centrate the carbon content and remove the impurities.

Methods

Synthesis of GO and Reduced GO

2 g of the NG powder, 10 ml of conc. H2SO4, and 1 g of
KMnO4 were mixed together and stirred with 1.5 g of NaNO3
in a 500 ml beaker. At the temperature below 50C, the mixture
was stirred using a magnetic stirrer for half an hour. 100 ml of
purified water was added gradually to form a dark brown color,
with increasing temperature to 45 oC. The mixture was kept on
amagnetic stirrer at 95 °C and continuous stirring was done until
a bright-yellow mixture was obtained. 10 ml H202 (30%) was
added to the solution to form a golden yellow colouration. Af-
ter centrifugation at 1000 rpm for 5 minutes and separation, the
purification process to remove metal ions/acid radicals were car-
ried out using 10% HCI at pH ~7. The GO obtained was reduced
by thermal method to have reduced graphene oxide (RGO).

Preparation and Characterization of TiO2:GO thin films by
Spin Coating

The fluorine-doped tin oxide (FTO) transparent glass substrates
(Solaronix, 7€/sq) were ultrasonically cleaned in acetone and
distilled water. The TiO2 nanoparticles (Solaronix) and graphene
sheets were mixed in a weight ratio of 10:1. The GO and RGO
was exfoliated by chemical process. 1 g of each sample was
poured in 100 ml volumetric flask containing ethanol (10 ml).
The solution was sonicated until a homogenous (clear) mixture
was obtained. The substrates were thoroughly cleaned in acetone
and dried in nitrogen gas. With a spin coater, a tiny drop of each
sample was spin coated at 500 rpm on FTO glass. After spin
coating, the specimens were annealed at 300, 500 and 6000C
(fig. 1) for the RGO (A), GO (B), RGO-TiO2 (C), and GO-TiO2
(D) based thin films (fig. 2) were further sintered in an oven at
100°C for 10 min according to Li et al., 2019

(a) (b

() ()

Figure 1: GO in (a) solution (b) clustered (c) powdered (d) semiconducting TiO2 (Ti-Nanoxide, T/SP)
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Figure 2: Graphene thin films (a) RGO (b) GO (c¢) TiO2-RGO (d) TiO2-GO

Characterization of the Samples

The XRF analysis of the NG was carried out on XRF (ARL
QUANTX thermo fisher, UMYU Katsina) to show the chemical
compositions and the fixed carbon contents (FCC). The SEM
revealed the morphological features of the samples and the el-
emental compositions using. The morphological features of the
samples were observed on SEM (PRO X, Phenonm world MVE
01570775, UMYU, Katsina) and the EDX analysis was conduct-
ed on an Amatek device (SEM AUST) to record the elemental
compositions. The phase composition was identified using XRD
(ARL XTRA thermo fisher) with Cukx radiation (k = 1.5406 nm)
at 45kV and 40 mA to show the crystalline phase of the TiO2:
GO sample.

Electrical Properties of the GO and RGO

The electrical characterization of the thin films was performed
using four-point probe (4200 Keithley) at room temperature.
The film thickness was measured by Alpha step profilometer.
The resistivity p of GO and RGO thin film can be expressed as

p=Rg 1 (1)
where R s is sheet resistance and is given by

R=2= 2 () =k ()= (Hasa

t 2\l 1 2)
The resistivity of a thin sheet p is given by:
a1V
p=1:(7) 3)

The geometric factor K, depends on the spacing and configura-
tion of the probes (Petersen et al., 2002; Hasegawa et al., 2006;
Lietal., 2012).

Results and Discussion

XRF Analysis of the Graphite Ore

XRF analysis showed that the mineral compositions were
Fe203, CuO, MgO, BaO, SiO2, P205, K20, TiO2, Ce02, SrO

Table 1: Peak list of RGO

and CdO. The sample has approximately fixed carbon content
of 15% which is low due to the presence of other minerals and
elements.

XRD Analysis of the Graphite and Graphene Oxides

XRD is a way to determine crystal structures and impurity in
substances by irradiating the material with incident x- rays to de-
termine the crystal structures, mineral phase, and identification
of impurities. XRD patterns of the graphite are perfectly crys-
tallized and closely packed [16, 17]. The XRD spectra showed
a sharp diffraction peak at about 20 = 27° at reflection plane
(002) and the inter-planar spacing dhkl was calculated with the
Bragg's law

L —336A

@ = e @)

where A is the wavelength and hkl are miller indices and 9 is
the diffraction angle For GO and RGO, the XRD diffractogram
indicated the crystal structure. The peak for both GO and RGO
samples show a slight difference at 120 due to reflection plane
(002) of GO and 130 for RGO. Diffraction peak at 260 = 11.01°
at reflection plane (001) confirmed formation of GO. The reduc-
tion of GO was confirmed by diffraction peak that appeared at
20 =26.60 (Table 1) reflection plane (002). When graphite is ox-
idized to GO due introduction of intercalated functional groups
(epoxyl, hydroxyl, carbonyl and carboxyl), XRD peak shift from
about 270 to 500 and no sharp peak appeared in the XRD result
from 100 to ~270 due to incomplete oxidation of graphite [18,
19]. The RGO-TiO2 displayed a glistering surface due to less
density of electronic trap states and improved absorption in the
UV region making suitable for optoelectronic devices since over
80% of the UV radiation in that range can be absorbed by the
applied system. The associated visible reference codes of 01-
075-1537, 01-082-0511 and 96-901-2706 for TiO2, SiO2 and
C6 (Table 2) corresponding to 250, 210 and 420 respectively
(Figure 4 and 5).

Pos. [°2Th.] Height [cts] Left [°2Th.] d-spacing [A] Rel. Int. [%]
26.6056 102.81 0.1535 3.35048 51.13
50.0467 201.05 0.0768 1.82260 100.00
67.6285 147.48 0.0936 1.38418 73.36
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Table 2: Pattern list of TiO2

Visible Ref. Code Score Compound Name Scale factor Chem. Formula
01-075-1537 25 Titanium Dioxide 1.000 TiO,
01-082-0511 21 Silicon Oxide 0.496 Si02
96-901-2706 42 2D (Oxidized Graphite) 0.496 C6
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Figure 4: XRD pattern of the TiO2 on quartz substrate
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Figure 5: XRD pattern of the RGO on quartz

SEM and EDX Analysis of the Graphite, GO and RGO
SEM analysis at magnification of 500 and 1000x and working
distance of 1.07 mm revealed the morphological characteristics
of the graphite samples with shiny and reflective surfaces when
exposed to light. The surface morphology of GO thin film re-
vealed a porous spongy structure with the graphene sheet not
well connected together, a hexagonal surface in layers. This
shows that graphite has been exfoliated during the oxidation
process. It can be attributed to the distorted graphene sheets
when oxygen and other functional groups attached to the carbon
atoms. GO sample looks clustered (Figure 6).

The SEM micrograph of RGO-TiO2 at magnification of 250x
and 2000x displayed a glistering and reflecting surfaces in layers
owing to the presence of TiO2 due to high density of electronic

trap states and improve absorption in the UV region of the spec-
trum [20]. (Figure 6).

Energy dispersive x-ray (EDX) analysis of GO thin films on gold
substrate showed peaks due to presence of carbon C (86.34%)
for electrons in the K shell, Mo (10.37%) L shell, K (2.38%) K
shell and Ti (0.91%) in K shell (Figure 7). While the presence of
P, S, and K were due to H2SO4 and KMnO#4 used as oxidizing
agent, the presence of Si, Mg and Na were from the glass sub-
strate [21, 22].
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Figure 7: EDX micrograph of (a) GO (b) RGO showing the elements and the elemental counts

The Conductivity of the GO and RGO Thin Films

GO behaves like a semiconductor due to oxygenated functional
groups some of the sp2-bonded carbon atoms become sp3. Since
the interlayer spacing of GO compared to RGO increases due to
increase in oxygen functional groups create high mesoporous
volume and reduces electrical conductivity. The hydroxyl, car-
boxyl, carbonyl, and epoxy groups introduced to the graphite
layers by oxidation process decrease the interaction between
Van-der Waals forces. The presence of defects influences the
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electrical conduction and upon thermal reduction to RGO the
conductivity drastically improved due to decrease in oxygenat-
ed functional groups. The TiO2 has low electron mobility, high
density of electronic trap states and low absorption in the UV
region. GO and increases the conductivity of TiO2 (Table 3).
The electron transport in GO-TiO2 and RGO-TiO2 is governed
by detrapping of electrons from sub-band gap states deep in the
tail of the density-of-states to the conduction band (CB) in line
with the multi- trapping mechanism. Trap states play a crucial
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role in TiO2 the occupation of the sub-band gap states at a partic-
ular energy EA can be expressed by the Fermi-Dirac distribution
function:

Where f (E) is the probability that a state of energy E is occu-
pied, EF is the Fermi energy, K, is the Boltzmann’s constant, T
is absolute temperature

1
1 +elEA—Efn KT

F(EA - EFn) = (5)

Where f (E) is the probability that a state of energy E is occu-
pied, EF is the Fermi energy, K| is the Boltzmann’s constant, T
is absolute temperature. The density of carriers at this energy can
be expressed as, nA = NAEA.

Assuming that electrons can only be transported via the CB, then
density of electrons in the CB varies with the position of the qua-
si-Fermi level for the electrons and the conductivity of the film
Eg=Ep J/KgT
neg = NegeEa=Fm)/Ks (6)
Where nCB is the density of electrons in the CB, EFn is the qua-
si-Fermi level for the electrons
The conductivity can also be expressed in terms of the Fermi
energy, EF as

Where NA is the total number of available sites at this energy, e
is the electronic charge, u, represent the electron mobility, and 7,
is the electron carrier density [23].

The average electron mobility depends upon the probability of
the electrons being in the CB, and conductivity increases as the
quasi-Fermi level for electrons approaches the CB energy. It im-
plies that any modification and doping that eliminates deep trap
states will increase the conductivity of the samples and higher
current output from the device will be achieved when applied
in optical and photovoltaic cells [24, 25]. The results of the con-
ductivity measurement for GO and RGO thin films are in Table
3 compared with similar studies in literature. The reduction in
resistivity from room temperature to 5000C revealed that GO
synthesized has been drastically reduced to RGO. Improvement
in the electrical conductivity of the samples 1.9592, 12.9366,
2.5419 and 25.1256 Sm—1 for the (a) RGO (b) GO (c) TiO2-
RGO (d) TiO2-GO thin films are indication of their suitability
for applications in photovoltaic cells and energy conversion de-
vices, the same order reported in similar studies in the literature
[26]. The application of graphene films in applications such as
transparent electrodes is governed by sheet resistance and vis-
ible-light transmission. Each of these criteria having its own
unique requirements in improving the optoelectronic properties.
Either of these properties can be fine-tuned to the desired value
by changing the thickness of the graphene film. The smaller the

g(Ep) = ep.n, (Ep) ) sheet resistance, the higher the transmission of light through it.
Table 3: The conductivity of the GO and RGO thin films
Graphene Thickness t V(mYV) I(A) x 10° | RS ¢5q) x 10° (m) 1S/mp References
GO-N 0.022 28.0 5.47 23.20 0.5104 1.9592 This study
RGO-N 0.015 50.0 44.01 5.15 0.0773 12.9366 This study
GO-S 0.022 14.6 3.70 17.88 0.3934 2.5419 This study
RGO-S 0.015 53.0 90.65 2.65 0.0398 25.1256 This study
GO-NGF 0.027 25.0 4.95 22.90 0.6183 1.6173 Eluyemi et al., 2016
RGO-NGF 50.0 45.69 4.95 0.1330 7.5188
RGO 0.025 - - 0.0179 - 23.30 Wan et al., 2012
Summary and Conclusion Acknowledgement

In this study, a compositional analysis of Nigerian graphite, syn-
thesis and characterization of GO and RGO by modified Hum-
mers method were carried out. XRF study showed the presence
of MgO (4.35%), SiO2 (25.14%), SrO (9.73%), CdO (1.99%)
and C (15%). The XRD spectra showed a sharp diffraction
peak and inter-planar spacing of 3.370A. SEM analysis has re-
vealed reflective surfaces in layers. The electrical measurements
showed the conductivity of RGO is the highest and the resistivi-
ty of 1.9592, 12.9366, 2.5419, 25.1256 S/m for GO, RGO, GO-
TiO2 and RGO-TiO2 respectively. The smaller the sheet resis-
tance, the higher the transmission of light through it. The present
study has revealed that the Nigerian natural graphite is of high
quality which can be used to synthesis graphene for academic
and industrial research at a reduced cost.
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